Purpose: To evaluate the reproducibility of the peripapillary retinal nerve fiber layer (RNFL) thickness measurements obtained by Spectralis spectral domain optical coherence tomography (OCT) (Heidelberg Engineering, Heidelberg, Germany) in normal and glaucoma participants.
O ptical coherence tomography (OCT), first described by Huang et al in 1991, 1 allows for noninvasive in vivo cross-sectional imaging of ocular structures such as the retina, retinal nerve fiber layer (RNFL), and the optic nerve head. 1--21 OCT applies the principle of interferometry to determine the interface between different ocular tissues. 1--5 Using automated segmentation algorithms based on reflectivity changes between adjacent retinal layers, the RNFL thickness can be calculated. 2, 4, 5, 21 Before the end of 2006, the OCT instruments used in clinical practice for RNFL thickness determination were based on time domain OCT (TD-OCT) technology. 6--13,20 In TD-OCT, the images are acquired by evaluating the interference pattern created by the echo time delays of backscattered light from the participant's retina and those from a moving reference mirror. 1, 2, 5, 19, 20 Stratus OCT (Carl Zeiss Meditec, Dublin, CA) is the leading commercially available TD-OCT machine 10--13,20 and can quantify the RNFL thickness at an axial resolution of about 10 mm with a scan speed of 400 A-lines per second. The main impediments to TD-OCT technology are the limited resolution and slow acquisition speed. 4 Spectral domain OCT (SD-OCT), 21--25 commercially available in the United States in late 2006, is a newer technology which affords unprecedented ultrahigh resolution ultrahigh speed RNFL imaging. 4,5,14--20 This technology is possible, because it uses a spectrometer that is a fundamentally a more efficient way to process information coming back from the reference mirror and the eye. 20, 26, 27 However, before any new imaging instrument can be widely accepted for the longitudinal evaluation of glaucoma patients, both its reproducibility and diagnostic accuracy must be evaluated. Reproducibility data are particularly important in the longitudinal evaluation of a glaucoma patient undergoing progressive RNFL thinning. Detectable RNFL thinning requires a change greater than that expected for measurement reproducibility or variation. The reproducibility of different SD-OCT devices has been evaluated recently. 14--17 The Spectralis OCT has a scan speed of 40,000 A-lines per second and an eye tracking system, the TruTrack image alignment software, which enables real-time simultaneous imaging and eye movement tracking. Using the TruTrack image alignment software, the Spectralis OCT is able to continuously monitor the position of the eye. Once eye tracking is engaged, the Spectralis OCT tracks the motion of the eye and can direct the OCT beam to the correct position. Applying the eye tracking technology, multiple images are obtained from exactly the same location and then these images are combined to reduce speckle noise. TruTrack can also precisely track change over time by automatically looking for the same area on the retina. After selecting any prior scan as a reference scan, the Spectralis OCT can align the reference fundus image with the patient's current fundus image at a follow-up visit. The eye tracker recognizes the retina and then directs the current scan to the same location as the reference scan. This technique eliminates subjective or inaccurate scan placement by the operator.
To our knowledge, this study is the first study designed to evaluate the reproducibility of Spectralis OCT by determining the within-subject standard deviation (Sw), coefficient of variation (CV), and intraclass correlation coefficient (ICC) of peripapillary RNFL thickness measurements in normal participants and glaucoma patients. 28 Patients also had to have had less than 20% false positives and 20% false negatives. Exclusion criteria included patients with (1) any anterior segment dysgenesis, (2) corneal scarring or opacities, (3) proliferative or nonproliferative diabetic retinopathy, (4) field loss attributable to a nonglaucoma condition, (5) a dilated pupil diameter of less than 2 mm.
METHODS

Study Participants and Exam
Participants included normal participants and glaucoma patients. Normal participants were those without significant ocular disease (except for mild cataract) and with normal VF test results that were defined as a pattern standard deviation greater than 5% and glaucoma hemifield test within normal limits. 28 Glaucoma patients included those with any form of chronic glaucoma except for traumatic glaucoma and were defined as having characteristic glaucomatous disc abnormality with corresponding VF loss. The VF was considered abnormal if 3 or more contiguous test locations in the pattern deviation plot were depressed significantly at the P<5% level with at least 1 at the P<1% level on the same side of the horizontal meridian, or was classified as outside normal limits by the glaucoma hemifield test. 29 If both eyes of 1 participant fit inclusion and exclusion criteria, 1 eye was selected randomly by using a random number generator statistical table.
Spectralis OCT Peripapillary Retinal Nerve Fiber Layer Thickness Measurement
All peripapillary RNFL thickness measurements were made with the Spectralis OCT using a circular scan pattern (Spectralis software version 4.0). The scan circle was 12 degrees in diameter, and the diameter in millimeters is primarily dependent on the axial eye length. For a typical eye length, the circle is approximately 3.5 to 3.6 mm in diameter.
As described in the introduction section, Spectralis OCT provides an Automatic Real-Time (ART) function which uses TruTrack image alignment software (ie, the eye tracking system). With ART activated, multiple frames of the same scanning location are carried out during the scanning process, and images are averaged for speckle noise reduction. In this study, in which ART was activated, 16 frames were acquired and then averaged for each scan. In addition, the Spectralis OCT eye tracking system allows any subsequent OCT scan to be scanned at exactly the same location as a prior scan. For participants in this study, a circular peripapillary scan was acquired first and then defined as a reference scan (first scan). Then the camera was restarted, the follow-up button in the acquisition window was pressed, an earlier reference image was selected, and then another circular peripapillary scan (second scan, Fig. 1 ) at the same location as the reference image would be obtained. This follow-up function was then repeated for the third image (third scan). By this method, 3 circular scans of the peripapillary RNFL were obtained at exactly the same location.
The Spectralis OCT software calculates the average RNFL thickness for the overall global (360 degrees), for 4 quadrants [superior (S), inferior (I), nasal (N), and temporal (T), each 90 degrees], and then for 4 additional sectors [ie, superior-temporal (TS, 45 to 90 degrees), superior-nasal (NS, 90 to 135 degrees), inferior-nasal (NI, 225 to 270 degrees), and inferior-temporal (TI, 270 to 315 degrees)]. The signal strength (range, 0 to 40) of each scan was reviewed, and scans with signal strength of less than 15 (as suggested by the manufacturer) were excluded from the analysis. In addition, the criteria for determining scan quality were modified after earlier studies 11, 15, 17 and included the following: a clear fundus image allowing visualization of the optic disc and the scan circle before and during image acquisition, RNFL visible and without interruptions, and a continuous scan pattern without missing or blank areas.
Statistical Analysis
Demographic and ocular characteristics of the normal and glaucoma groups were compared using w 2 tests and nonpaired 2-tailed Student t tests for categoric and continuous variables, respectively. The reproducibility of Spectralis OCT RNFL thickness measurements was assessed by calculating the Sw, the CV, and the ICC. The values were determined for each of the RNFL parameters [ie, overall global, 4 quadrants (S, T, I, and N), and 4 sectors (TS, TI, NS, and NI)]. For the Sw determination, we used the method that was first described by Bland and Altman 30 and which has been used in earlier studies for assessing reproducibility. 15, 17 The Sw, or within-subject standard deviation, is the common standard deviation of the repeated measurements. To calculate the common Sw, we averaged the variances, or the squares of the standard deviations, of all the study participants. The square root of the mean within-subject variance is the Sw. The CV is a ratio of the standard deviation over the mean and was calculated as the square root of the residual mean squared values of 3 measures, divided by the mean. An SPSS (SPSS, Inc., Chicago, IL) Reliability Analysis using a 1-way random model was used to determine ICC. 31 Spearman rank correlation coefficient analyses were used to assess the correlation of the standard deviation of the 3 repeated measures for each participant with the specific RNFL thickness measurement. Statistical analyses were done using SPSS version 15.0 and JMP software version 7.0 (SAS Institute, Cary, North Carolina). P<0.05 was considered to be statistically significant, and P<0.001 was considered to be highly statistically significant.
RESULTS
A total of 78 participants (45 normal participants and 33 glaucoma patients) were included in the study. Table 1 shows the demographic and ocular characteristics of the study population. There were no significant differences between the normal and glaucoma groups in terms of number of right eyes, age, sex, race, and refractive error. There were statistically significant differences in VF mean deviation (MD) (P<0.001, t test) and pattern standard deviation (P<0.001, t test) between normal participants and glaucoma patients. Types of glaucoma included primary open angle glaucoma (23 of 33 patients, 69.7%), normal tension glaucoma (3 of 33 patients, 9.1%), pseudoexfoliation glaucoma (2 of 33 patients, 6.1%), chronic angle closure glaucoma (3 of 33 patients, 9.1%), uveitic glaucoma (1 of 33 patients, 3.0%), and juvenile open angle glaucoma (1 of 33 patients, 3.0%). Table 2 shows the peripapillary RNFL thickness values of the normal participants and glaucoma patients for overall global, quadrant, and sector RNFL thickness. The overall global RNFL thicknesses values were higher for the normal participants at 92.7±7.2 mm compared with 65.2±18.2 mm for glaucoma patients. Mean RNFL thickness values at all locations were significantly thinner (at the P<0.001 level) in glaucoma patients compared with normal participants. Table 3 shows the reproducibility of Spectralis OCT peripapillary RNFL thickness measurements for all study participants. CVs ranged from 1.45% (overall global) to 2.59% (temporal quadrant) for normal participants and ranged from 1.74% (overall global) to 3.22% (temporal quadrant) for glaucoma patients. ICCs were from 0.977 (temporal quadrant) to 0.990 (overall global and NI sector) in normal eyes and from 0.983 (temporal quadrant) to 0.997 (inferior quadrant) in the glaucomatous eyes. Sw±1.96 standard error (se) ranged from 1.34±0.20 mm (overall global) to 2.39±0.35 mm (TS sector and TI sector) for normal participants and ranged from 1.14±0.19 mm (overall global) to 2.25±0.38 mm (NS sector) for glaucoma patients.
In Figure 2 , the overall RNFL thickness values for all the participants were plotted against the standard deviation (SD) of the 3 repeated measures. Figure 2 shows that within-subject variability was unrelated to RNFL thickness (Spearman: r= À 0.063, P=0.582). Table 4 shows all the results (ie, Spearman r values and P values) of Spearman rank correlation coefficient analyses between RNFL thickness in all locations and the relevant SD for normal participants, glaucoma patients, and all participants, respectively. There were no statistically significant correlations between RNFL thickness and within-subject variability in any location for all the groups (none of the P values <0.05).
DISCUSSION
Assessing an instrument's reproducibility is always the first step in the evaluation of a new technology for use in clinical practice, because reproducibility affects diagnostic accuracy and the ability to monitor disease progression. 16 This study shows that Spectralis spectral domain OCT peripapillary RNFL thickness measurements are highly repeatable (ICCs ranging from 0.977 to 0.997, Table 3 ) and reproducible (Sw ranging from 1.14 mm to 2.39 mm, Table 3 ) in both normal participants and glaucoma patients.
Several earlier studies have shown that TD-OCT RNFL thickness measurements are reproducible, 6--13 but more variable in glaucomatous eyes. 6, 7, 11 However, TD-OCT technology is inadequate for longitudinal RNFL thickness evaluations, because the test-retest variability of TD-OCT RNFL thickness measurements range from 3.5 to 20.6 mm in normal and glaucoma eyes, 12, 13 which is greater than clinically significant degrees of glaucomatous RNFL thinning. Studies have shown that reductions of RNFL thickness by 3.77 mm in monkeys 32 and 4.3 mm in humans 33 are clinically significant glaucomatous structural changes.
In the latter study, OCT RNFL thinning of 4.3 mm was associated with clearly observed progressive RNFL atrophy in red-free RNFL photographs. 33 This means that TD-OCT can not differentiate between a 4-mm decrease due to measurement variation versus 4 mm of RNFL thinning due to glaucomatous disease progression. In this study, the Sw of Spectralis OCT ranges from 1.14 to 2.39 mm, which is less than what is considered significant glaucomatous structural change (4.3 mm). Thus, Spectralis OCT RNFL thickness measurements have better potential than TD-OCT in the longitudinal evaluation of glaucomatous RNFL thinning.
Studies in the literature have shown that the reproducibility values (ie, ICC) for global and quadrant peripapillary RNFL thickness measurements using the commercially available SD-OCT machines [eg, Cirrus HD-OCT (Carl Zeiss Meditec, Inc., Dublin, CA), 3D OCT-1000 (Topcon, Tokyo, Japan), and RTVue OCT (Optovue Corporation, Freemont, CA)] range from 0.742 to 0.994, 14--18 which are worse than the ICC values of 0.977 to 0.997 for the Spectralis machine (Table 3) . Therefore, although the reproducibility of RNFL measurements for the commercially available SDOCTs are all excellent, the Spectralis SD-OCT system seems to have the best reproducibility, based on the results of the aforementioned studies and results from this study. Studies of SD-OCT RNFL reproducibility using Sw show similar results, with Cirrus and RTVue RNFL thickness measurements having more variability (ie, Sw 1.2 to 2.9 mm for Cirrus 17 and 1.57 to 3.67 mm for RTVue 15 ) compared with Spectralis RNFL measurements (Sw: 1.14 to 1.94 mm, Table 3 ) for the overall global and quadrant values. The superiority of Spectralis SD-OCT reproducibility has also been suggested in a recent study of 20 healthy participants, in which the macular thickness values were determined by 6 commercially available OCT instruments, 5 of which were SD-OCT machines: Spectralis OCT, Cirrus HD-OCT, OCT/SLO (Opko/OTI, Inc., Miami, FL), RTVue-100 OCT, SOCT (Reichert/Optopol Technology, Inc., Depew, NY), and Stratus OCT. 3 In that study, the Spectralis OCT showed the lowest CV (0.46%) compared with any other SD-OCT machine (ie, 3.09% for the Cirrus HD-OCT, 2.23% for the OCT/SLO, 2.77% for the RTVue-100 OCT, 3.5% for the SOCT) and with the leading TD-OCT machine (3.33% for Stratus OCT), 34 which suggests that Spectralis OCT may have the best reproducibility among all commercially available OCT machines. This study using Spectralis SD-OCT confirm 2 main findings from the earlier reproducibility OCT studies. First, when using SD-OCT technology, the reproducibility for peripapillary RNFL thickness measurements are equally excellent in both normal and glaucoma eyes for RTVue OCT 15 and Cirrus HD-OCT, 17 which is in contrast to TD-OCT studies that note more variability in RNFL measurements with glaucoma eyes. 6, 7, 11 Similarly in this Spectralis SD-OCT study (Table 3) , RNFL reproducibility was similar for glaucoma eyes (ICC range 0.983 to 0.997) and normal eyes (ICC range 0.977 to 0.990). Second, in both TD-OCT and SD-OCT studies, nasal and temporal quadrant measurements generally have more variability and higher CVs compared with superior and inferior quadrant measurements. 7,11,12,14--17 In this SD-OCT study (Table 3) , measurement variability initially seems greater in the nasal and temporal quadrants for both normal and glaucoma eyes (CVs ranged from 2.31% to 3.22%) compared with the superior and inferior quadrants in the same groups (CVs ranged from 1.66% to 2.30%). However, in terms of Sw and ICC (Table 3) , we could not find consistently higher Sw or lower ICCs in the nasal or temporal quadrants compared with the superior and inferior quadrants. Thus, from the results of this study, we can not definitively conclude that the nasal or temporal quadrants consistently provide the lowest reproducibility among the 4 quadrants for Spectralis SD-OCT RNFL measurements. One possible reason for the many studies that show higher CVs in the nasal and/or temporal quadrants may be due to normal anatomy, in that the nasal and temporal RNFL are usually thinner than the superior and inferior RNFL. As CV is calculated as the SD divided by the mean RNFL thickness and if SD values are similar in different quadrants, the normally thinner nasal and temporal quadrants would usually have higher CV values. Therefore, other statistical values, such as Sw and ICC, should be considered together with CV for assessing reproducibility.
The findings of this study are similar to that reported by Budenz et al, 12 who observed that the actual RNFL thickness value does not seem to have an impact on the variability of the measurement. In Budenz study 12 of Stratus TD-OCT in 51 eyes of 51 glaucoma patients using the Standard and Fast scan protocols, he evaluated the correlation between RNFL thickness and intersession variability (ie, scans were obtained on 5 different days within a 2-month period). This study compared the mean RNFL thickness with the SD of the 5 repeated measures, and they found no statistical correlation between intersession variability and mean RNFL thickness for both Standard and Fast protocols (Standard: Spearman r= À0.15, P=0.28; Fast: Spearman r=À0.01, P=0.93).
12 In this study (Table 4) , the correlation coefficients between the mean RNFL thickness values and the SDs of the 3 repeat measurements were calculated for normal participants, glaucoma patients, and all participants, respectively. There was no statistically significant correlation between standard deviation and RNFL thickness values in all locations for all groups (Table 4) .
In conclusion, this study shows that Spectralis SD-OCT technology provides excellent reproducibility of peripapillary RNFL thickness measurements. With the fastest scan speeds, the Spectralis SD-OCT yields some of Reproducibility is expressed by the Sw, CV, and ICC. Sw is defined as the square root of the within-subject variance, defined as the within-subject sum of squares divided by its degrees of freedom. CV is calculated as the square root of the residual mean squared values of 3 measures, divided by the mean. An SPSS (SPSS, Inc., Chicago, IL) Reliability Analysis using a 1-way random model was used to determine ICC. 31 CI indicates confidence interval; CV, coefficient of variation; ICC, intraclass correlation coefficient; NI, inferior-nasal; NS, superior-nasal; Se, standard error; Sw, within-subject standard deviation; TI, inferior-temporal; TS, superior-temporal. 
